Introduction {#s0001}
============

The discovery of error-prone 'Y-family' Trans-Lesion Synthesis (TLS) DNA polymerases was a major advance that provided a molecular mechanism for mutagenesis and carcinogenesis. DNA Polymerase eta (Polη), the prototypical member of the Y-family DNA Polymerase family in humans, was first identified as the mutated *XPV* gene product of skin cancer-prone *xeroderma pigmentosum-variant* patients \[[@cit0001]\]. Defining the molecular etiology of XPV syndrome demonstrated that normal expression and activity of TLS pathway components is necessary for tumor-suppression and that TLS pathway imbalance (for example due to Polη-deficiency) can lead to mutations and skin cancer.

However, the extent to which the Y-family polymerases are altered in neoplastic cells and whether TLS dysfunction impacts tumorigenesis more broadly is not known. Recent studies show that many cancers have hallmarks of Polη-mediated mutagenesis \[[@cit0002]\], that the TLS pathway is pathologically activated in many cancer cells \[[@cit0003],[@cit0004]\] and that TLS can sustain DNA replication and viability of cells experiencing oncogene-induced DNA damage \[[@cit0005]\]. Moreover, it is well established that TLS confers chemoresistance to a variety of therapeutic agents \[[@cit0006],[@cit0007]\]. Taken together, these findings indicate that TLS may have diverse roles in cancer etiology and therapy. Here we consider the potential impact of the TLS pathway on cancer with a particular emphasis on newer roles of Y-family polymerases and their proximal activator RAD18 in cancer cells.

Background {#s0002}
==========

Imbalanced TLS pathway function causes skin carcinogenesis {#s0002-0001}
----------------------------------------------------------

Seminal work by Masutani and colleagues showed that the sunlight-sensitivity and skin cancer-propensity syndrome *xeroderma pigmentosum-Variant* (XPV) is caused by inactivating mutations in Polη \[[@cit0001]\]. Polη is a specialized DNA polymerase that is error-prone when replicating undamaged templates but can perform efficient and error-free replicative bypass of templates harboring UV-induced cyclobutane pyrimidine dimers or CPD \[[@cit0008]\]. Thus Polη sustains replication of UV-damaged genomes and confers cell viability (termed 'DNA damage tolerance'). In the absence of Polη, compensatory and error-prone TLS of CPD by alternative Y-family DNA Polymerases, Pol kappa (Polκ) and Pol iota (Polι) leads to hypermutability \[[@cit0009],[@cit0010]\] ([Figure 1](#f0001){ref-type="fig"}A, B), thereby explaining the cancer predisposition phenotype of individuals with XPV. Similar to Polη, the other TLS polymerases are also error-prone on undamaged templates yet are relatively error-free when copying DNA templates harboring damage from their cognate lesions. For example Polκ is unable to bypass cis-syn T-T dimers, yet replicates templates containing benzo\[a\]pyrene-adducted guanines by inserting the correct C opposite the bulky lesion \[[@cit0011]\]. Figure 1.Imbalanced expression/ activity of RAD18 and Y-family DNA polymerases dictates choice of TLS polymerases and can influence replication fidelity and genome stability. (A) In normal cells TLS polymerases are activated sparingly and used selectively to minimize error-prone DNA synthesis and ensure genome stability. (B) In XPV cells lacking functional Polh, compensatory bypass of Polh-cognate lesions by inappropriate DNA polymerases leads to mutagenesis. (C) In many cancer cells RAD18 is expressed at high levels (sometimes owing to stabilization by its binding partner MAGE-A4), leading to increased TLS pathway activation. It is not known whether all Y-family DNA polymerases are equally dependent on RAD18 for activation. Differential activation of Y-family TLS polymerases by over-active RAD18 would constitute a mechanism of imbalance and altered TLS. (D) Over-expression or reduced expression of individual TLS polymerases has been reported in many cancers and represents another mechanism of TLS pathway imbalance and mutagenesis.

RAD18, ubiquitin signaling and the TLS polymerase switch {#s0002-0002}
--------------------------------------------------------

Human XPV syndrome illustrates the detrimental impact of imbalanced TLS polymerase activity on genome stability. Clearly, to maintain balance and prevent mutagenesis, TLS polymerases must be used sparingly only when needed to replicate damaged templates. Consequently, there has been immense interest in elucidating the mechanisms that regulate TLS polymerase activities and determine whether DNA replication is mutagenic. Ubiquitin signaling is a major mechanism of TLS polymerase recruitment to replisomes. In response to DNA damage, the E3 ubiquitin ligase RAD18 mono-ubiquitinates the DNA polymerase processivity factor PCNA at a conserved lysine residue (K164) \[[@cit0012],[@cit0013]\].

DNA damage-induced RAD18 activation and PCNA mono-ubiquitination are dependent on RPA-coated ssDNA \[[@cit0014]\], a species that can arise due to helicase/polymerase uncoupling at stalled DNA replication forks or as an intermediate during DNA repair \[[@cit0015]\]. Thus PCNA mono-ubiquitination occurs in response to DNA replication stalling in S-phase, and during the course of BER, MMR, and NER in non-replicating cells \[[@cit0016]\]. Y-family DNA polymerases have Ubiquitin-binding Zinc Finger (UBZ) and Ubiquitin-Binding Motif (UBM) domains \[[@cit0019]\]. The UBZ and UBM domains, together with PCNA-interacting Peptide (PIP) motifs common to many DNA polymerases, mediate the association of Y-family members with the mono-ubiquitinated form of PCNA (PCNA-Ub) \[[@cit0019]\].

Association of TLS pols with PCNA-Ub engages TLS pols at the replisomes and facilitates replicative bypass of DNA lesions. There is also some evidence that TLS polymerases themselves participate in PCNA mono-ubiquitination. For example, Polη exists in a complex with RAD18 \[[@cit0020]\], facilitates the association of RAD18 with PCNA, and promotes PCNA mono-ubiquitination \[[@cit0021]\]. In ectopic expression experiments even modest (∼2-fold) increases in levels of RAD18, Polη, or other Y-family DNA polymerases can stimulate PCNA mono-ubiquitination and lead to inappropriate and error-prone DNA replication by Y-family polymerases \[[@cit0021]\]. Therefore, imbalanced expression or activity of TLS pathway components has the potential to cause mutagenic outcomes.

Is TLS altered in cancer cells? {#s0002-0003}
-------------------------------

Owing to their error-propensity, TLS polymerases are very attractive candidate mediators of mutagenesis in cancer. the question then arises -- is there any evidence that TLS proteins are inappropriately utilized in neopastic cells, that altered TLS shapes the genomic landscape of cancer cells, or that TLS contributes to tumorigenic phenotypes? These issues will be considered in turn below.

***(i) TLS-mediated mutational signatures and mutable motifs in cancer genomes.*** The biochemical properties of the Y-family polymerases and their replication fidelities on damaged and undamaged templates have been studied for many years. From *in vitro* and *in vivo* studies there is now a wealth of information on the mutagenic consequences and DNA context specificities (mutable motifs and mutational signatures) of error-prone DNA replication by the TLS polymerases \[[@cit0022]\]. Cancer genome sequencing efforts are now revealing numerous mutations, some of which probably result from TLS polymerase activities.

Cancer genome studies of somatic mutations necessitate working with large amounts of data. The inherent challenges of analyzing such large data sets were largely resolved by using the 'mutational signature' technique \[[@cit0023]\]. Because it is usually not possible to define the DNA strand on which a mutation occurred (for example, distinguishing C\>A mutations from G\>T mutations on the opposite strand), there are essentially only six types of substitutions to be analyzed \[[@cit0026]\]. Similarly, there are 96 context-dependent mutation frequencies that consider two nucleotides in the flanking 5' and 3' positions of the mutated nucleotide \[[@cit0026]\]. Mutational signature is an important concept for describing individual mutagenic factors and for quantifying their contribution to mutational spectra in cancer samples. Several computational methods have been proposed for solving this decomposition problem \[[@cit0022]\]. Cancer genome sequencing efforts have delineated at least 30 mutational patterns that are commonly found in human cancers (<http://cancer.sanger.ac.uk/cosmic/signatures>) \[[@cit0026]\]. Two of the 30 delineated mutational signatures, namely Signatures 13 and 9 ([Figure 2](#f0002){ref-type="fig"}) are attributed to TLS DNA polymerases. Figure 2.The potential DNA polymerase η mutational signature (Signature 9, <http://cancer.sanger.ac.uk/cosmic/signatures>**).** The mutation context (+1 and −1 positions) are shown below frequency bars. This signature (together with more than 20 other distinct mutational signatures) was extracted using a classification analysis of 4,938,362 mutations from 7,042 cancers \[[@cit0026]\].

Mutational signature 13 is thought to arise due to the concerted actions of APOBEC (apolipoprotein B mRNA editing enzyme, catalytic) and the Y-family TLS polymerase REV1. This annotation was based on previous analyses of APOBEC3A/B that employed known mutable motifs of APOBEC3A/B (T[C]{.ul}W/W[G]{.ul}A) \[[@cit0027],[@cit0028]\]. The APOBECs deaminate Cytosine to Uracil. During APOBEC-mediated mutagenesis, the Uracils formed by cytosine deaminiation are excised to generate AP sites. Trans-lesion synthesis of the non-coding AP sites can lead to C\>T mutations or C\>G mutations. The C\>G mutations are dependent on the catalytic activity of REV1. APOBEC-mediated mutations arise in clusters within unusually long and persistent stretches of ssDNA \[[@cit0027],[@cit0028]\]. It is interesting to note that ssDNA is the common species generated by many forms of DNA damage and replication stress that activates RAD18 and TLS DNA polymerases \[[@cit0014],[@cit0029]\]. Therefore ssDNA-accumulation may provide a biochemical basis for coordinate activities of APOBECs and the TLS machinery during mutagenesis. PCNA mono-ubiquitination was attenuated in cells engineered to express a catalytically-inactive mutant APOBEC3A (when compared with cells expressing WT APOBEC3A), potentially consistent with some form of crosstalk between APOBEC and TLS activities at ssDNA \[[@cit0030]\].

Although decomposition into signatures is useful for interpreting the mutagenic processes, there are certain limitations of this approach \[[@cit0022]\]. One limitation is the heuristic nature of associations between mutational signatures and molecular mechanisms -- which often reflect expert opinions of researchers providing mutational signature annotations. For example, the Polη signature in COSMIC ([Figure 2](#f0002){ref-type="fig"}; mutational Signature 9, <http://cancer.sanger.ac.uk/cosmic/signatures>) has been found in chronic lymphocytic leukemia and malignant B-cell lymphoma genomes. Interestingly, signature 9 has a higher frequency of T:A\>G:C transversions compared with T:A\>C:G transitions. Such a Polη-mediated mutational pattern has not been observed *in vitro* or *in vivo* (a clear excess of T:A\>C:G transitions was found in all experiments), although context properties do resemble the Polη mutable motif WA/TW (W = A/T, the mutation hotspot position is underlined) \[[@cit0022],[@cit0031]\]. In addition, the putative Polη mutational signature 9 was not found in follicular lymphoma although this cancer is associated with the activity of AID (an enzyme which cooperates with Polη to induce hypermutations during immunoglobulin class switch recombination) \[[@cit0032]\]. These observations suggest that the signature 9 is a mixture of descriptions of Polη mutations and some yet unknown process with context properties resembling the Polη mutable motif. It is also possible that Signature 9 represents only a subset of the mutational patterns induced by Polη. Differences between mutable motifs and mutational signatures are reviewed elsewhere \[[@cit0022]\].

A recent study suggested that Polη may cause somatic mutations in lymphoid cells \[[@cit0033]\]; most of the characteristic clustered mutations were found in promoters, as with AID-initiated somatic hypermutation. In solid tumors, however, somatic mutations are likely to be associated with the other factors, including exogenous exposures, UV radiation or alcohol consumption \[[@cit0033]\]. This study is based on mutational signature 9 ([Figure 2](#f0002){ref-type="fig"}) and suggested that Polη targets the H3K36me3 chromatin of active genes in a mismatch repair (MMR)-dependent manner. These regions normally have a low mutation rate because error-free MMR also targets H3K36me3 chromatin \[[@cit0034]\]. Carcinogens and error-prone repair therefore redistribute mutations to the more important regions of the genome, contributing a substantial mutation load in many tumors, including driver mutations \[[@cit0033]\]. These results somewhat contradict the recent study that found fewer somatic mutations in exons than expected from their sequence content \[[@cit0035]\]. It was suggested that this trend is likely to be caused by higher conventional mismatch-repair activity in exonic than in intronic regions \[[@cit0035]\].

Rogozin et al. have studied the possible involvement of Polη in the generation of somatic mutations in skin cancer, other cancers and in normal cells \[[@cit0002]\]. Those workers found a highly significant correlation between Polη mutable motifs and somatic mutations in skin cancer cells. However, this correlation was not observed in normal skin samples. Traces of Polη-mediated mutagenesis were also found in various other cancers. A significant excess of somatic mutations in W[A]{.ul}/[T]{.ul}W motifs was present in 11 out of 14 solid tumors from various tissue types \[[@cit0002]\]. Frequent tandem mutations are known to be an intrinsic property of Polη when copying undamaged DNA and they have the same context specificity as single mutations \[[@cit0036]\]. Although tandem mutations occur much less frequently, there was nevertheless a significant excess of tandem mutations in the W[A]{.ul}/[T]{.ul}W context in 3 out of 8 cancer types \[[@cit0002]\]. Taken together with the results of expression analysis, this study suggests the widespread participation of Polη in mutagenesis in cancer cells \[[@cit0002]\]. Further studies of *in vitro* and *in vivo* mutation spectra are needed to identify mutational signatures and mutable motifs associated with TLS DNA polymerases.

***(ii) Altered expression of function of TLS proteins in cancer cells.*** Changes in expression or activity of Y-family DNA polymerases could potentially create TLS pathway imbalance ([Figure 1](#f0001){ref-type="fig"}C) causing replication infidelity and genetic changes (possibly including mutational signatures 13 and 9). Several studies have documented altered expression and function of TLS polymerases and of their proximal activator RAD18 in cancer. For example a steady state kinetic analyses of REV1 proteins harboring different polymorphisms (including variants associated with cancer) revealed moderate or slight effects on biochemical activities (such as kcat/Km for dCTP insertion, binding affinities to DNA substrates harboring various lesions) when compared with wild-type REV1 \[[@cit0037]\]. Therefore, it is plausible that germline missense REV1 variations affect cancer susceptibility by modifying the fidelity and capacity for replication on undamaged and damaged DNA templates. Epidemiological data are fully consistent with the possibility that TLS polymerase polymorphisms affect tumorigenic outcomes. In a study that assessed associations of DNA repair genes with lung cancer risk, a REV1 variant showed associations with squamous cell carcinoma risk while a POLI polymorphism was associated with adenocarcinoma and squamous cell carcinoma risk \[[@cit0038]\]. Another case-controlled study revealed association between genetic variants of POLK and REV1 and susceptibility and survival of lung cancer respectively \[[@cit0039]\]. POLK genetic variants have also been associated with increased breast cancer risk \[[@cit0040]\].

Altered expression of TLS polymerases may also affect mutagenesis and cancer susceptibility. Polι which has error rates as high as 10\^^0^ on undamaged templates shows elevated expression in breast cancer cells \[[@cit0041]\]. Moreover, this elevated Polι expression was associated with mutagenesis. This study strongly suggested that Polι contributes to generation of spontaneous and trans-lesion mutations. In a mouse intestinal tumorigenesis model, transgenic overexpression of Rev1 accelerated intestinal adenoma formation in response to N-methyl-N-nitrosourea (MNU) treatment \[[@cit0042]\] (but did not affect spontaneous tumorigenesis). Therefore aberrant Rev1 levels may promote accumulation of mutations and accelerate tumorigenesis.

Albertella and colleagues also found that Polι was overexpressed in a range of tumor types \[[@cit0043]\]. Polκ overexpression is often observed in lung cancer and in cell culture studies Polκ overexpression induces spontaneous mutagenesis, DNA breaks, genetic exchanges and aneuploidy \[[@cit0044]\]. Polι overexpression is positively correlated with clinical tumor grade in bladder cancer \[[@cit0045]\]. Both Polκ and Polι (but not Polη) are overexpressed in human gliomas and their overexpression is associated with shorter patient survival \[[@cit0046]\]. Ziv and colleagues identified an interesting mechanism by which some Acute Myeloid Leukemia (AML) cells alter Polη expression. Those workers showed that NPM1 (Nucleophosmin, the product of a commonly mutated gene in AML) interacts with the catalytic core of Polη. Remarkably, the prevalent *NPM1c+* mutation in AML patients leads to excessive Polη degradation and reduces error-free TLS of DNA templates containing CPD lesions \[[@cit0047]\]. Thus, there is ample evidence that up- or down-regulated expression or activity of individual Y-family polymerases is common in tumors and represents a potential source of imbalanced TLS pathway activity and mutagenesis.

A recent study found that the proximal activator of all four Y-family TLS polymerases, the E3 ligase RAD18, is also aberrantly over expressed in many cancer cell lines \[[@cit0003]\]. One mechanism of RAD18 overexpression in cancer cells appears to involve increased stability via an overexpressed binding partner, the Cancer/Testes Antigen (CTA), MAGE-A4. MAGE-A4 is absent from all normal somatic cells, thereby demonstrating a fundamental difference in the TLS pathway between untransformed cells and neoplastic cells. Even small fold-increases in RAD18 protein expression are sufficient to stimulate PCNA mono-ubiquitination and drive recruitment of Y-family TLS pols to replicating (undamaged) DNA \[[@cit0021]\]. Therefore, elevated RAD18 could increase the activity of all TLS polymerases ([Figure 1](#f0001){ref-type="fig"}C). Alternatively, if Y-family polymerases are differentially dependent on RAD18, then preferential activation of individual DNA polymerases by over-active RAD18 could be a source of TLS pathway imbalance that leads to error-prone DNA replication ([Figure 1](#f0001){ref-type="fig"} D).

Taken together, it is clear that expression of TLS polymerases and RAD18 is often deregulated in cancer cells and thus represents a potential source of genomic instability. It will be important to determine whether specific mutational signatures are associated with particular changes in relative activities of RAD18 and the Y-family DNA polymerases.

***(iii) TLS facilitates tolerance of oncogenic stress.*** The elevated expression of TLS proteins in cancer, and the dependency of neoplastic cells on pathologically-activated RAD18 for DNA damage tolerance \[[@cit0003]\] may suggest that TLS can confer a survival/selective advantage upon neoplastic cells. How then might TLS facilitate survival of neoplastic cells? Y-family DNA polymerases have long been implicated in bypass of chemically-induced DNA adducts. However, it is increasingly clear that these polymerases are recruited to replicating DNA in S-phase (even in absence of exogenously-induced damage) and play key roles in DNA synthesis at hard-to-replicate areas including common fragile sites \[[@cit0048]\]. The question arises then -- are there intrinsic DNA replication intermediates or species of endogenous DNA damage in cancer cells that depend on the TLS pathway for remediation?

In the last decade it has become apparent that neoplastic cells experience considerable DNA 'replication stress' and accumulate DNA damage (in the form of single- and double-stranded breaks) as a consequence of oncogene signaling. Seminal papers published in 2006 showed that ectopic overexpression of various oncogenes (including Cyclin E, CDC25A, KRAS, MOS, and MYC) in primary untransformed human cells induces replication-associated DNA damage, impaired replication fork progression and accumulation of aberrant DNA replication intermediates. Moreover, oncogene-induced DNA damage signaling via ATM/CHK2/p53 signaling leads to irreversible cell cycle arrest termed 'Oncogene-Induced Senescence' (OIS) \[[@cit0052],[@cit0053]\]. The discovery that oncogenes induce DNA damage is highly significant because it provides a mechanism by which neoplastic cells destabilize their genomes. Moreover, OIS may be a mechanism for eliminating oncogene-expressing cells and thus serves as a barrier to tumorigenesis \[[@cit0054]\]. However, discovery of the OIS pathway poses several critical questions: what is the nature of oncogene-induced stress/damage? How does oncogene signaling cause DNA damage? Do different oncogenes induce DNA damage via common mechanisms? How do neoplastic cells tolerate and adapt to oncogene-signaling? What is the extent to which (and putative mechanism whereby) oncogene-induced DNA damage helps shape the mutational landscape of cancer cells? Recent work suggests that the TLS pathway is activated in response to oncogene signaling and can facilitate tolerance of oncogene-induced DNA damage \[[@cit0005]\]. Therefore, TLS may provide solutions to some of the key unanswered questions relating to OIS. Below we summarize proposed mechanisms by which oncogenes induce DNA replication defects and DNA damage. Then we consider the potential ways in which TLS proteins might allow cancer cells to tolerate those forms of oncogene-induced DNA replication stress.

Mechanisms of oncogene-induced DNA damage {#s0002-0004}
-----------------------------------------

*(a) Re-replication.* Some of the earliest papers describing OIS observed aberrant re-initiation of DNA synthesis multiple times each per cell cycle -- a process usually termed 're-replication' or 'hyper-replication' -- in oncogene-expressing cells \[[@cit0053]\]. It is unknown whether oncogene-induced re-replication is caused by inappropriate activation of DNA replication licensing factors, initiation factors, or deregulation of both licensing and initiation phases of DNA synthesis. Re-replication generates 'onion skin' DNA structures in which head-to-tail collisions between replication forks generate ssDNA gaps, replication fork reversal \[[@cit0057]\] and eventually DSB formation and checkpoint activation \[[@cit0058]\].

*(b) Collisions between DNA replication machinery and transcription complexes.* A significant amount of oncogene (Cyclin E)-induced replication slow-down and DNA damage is due to interference between replication and transcription \[[@cit0059]\]. Indeed, overexpression of the general transcription factor TATA-box binding protein (TBP) even in the absence of an oncogene leads to increased transcription, DNA replication fork slowing and DNA damage \[[@cit0060]\]. In a recent elegant study Cimprich and colleagues showed that the DNA damage response is critically determined by the relative orientation of colliding replication and transcription complexes. Thus in a defined episomal system, head-on (HO) collisions between replication forks and transcription complexes led to increased formation of R-loops (RNA-DNA hybrids formed when nascent transcripts reanneal to template DNA, displacing the non-template strand as ssDNA) and activated ATM/CHK2 signaling \[[@cit0061]\]. Conversely, co-directional (CD) collisions led to decreased R-loop formation and did not trigger DNA damage signaling. Halazonetis and co-workers have demonstrated that the premature S-phase entry due to oncogenes (Cyclin E and MYC) induces inappropriate firing of DNA replication origins within transcribed genes, leading to replication/transcription conflicts and fork collapse. Remarkably, the ensuing DSB were also associated with chromosomal rearrangement breakpoints both in cultured cells and in a large cohort of human cancers. Therefore, there is now strong evidence that oncogene-induced replication/transcription conflicts are relevant to genomic instability in human cancer \[[@cit0062]\].

*(c) Reactive Oxygen Species (ROS).* Oncogene expression often induces increased levels of ROS which act as mitogenic stimuli, yet also cause genotoxicity that may contribute to DNA damage signaling and senescence \[[@cit0063]\]. For example, Vafa et al. found that c-MYC-induced DNA damage and p53 activation were attenuated by anti-oxidants \[[@cit0066]\]. Cells expressing oncogenic RAS have increased mitochondrial mass and generated elevated levels of ROS \[[@cit0067]\]. Moreover, oxidative DNA damage accompanies RAS-induced senescence and mitochondrial dysfunction alone induces senescence \[[@cit0067]\]. However, C-MYC- and RAS expression cause DNA replication defects that are temporally separable from metabolic reprogramming and ROS generation. Therefore, individual oncogenes may cause DNA damage via ROS-mediated as well as ROS-independent mechanisms \[[@cit0068]\].

*(d) Nucleotide deficiency.* Forced bypass of the RB-mediated G1/S restriction point by overexpressed Cyclin E or HPV E6/E7 oncogenes depleted cellular nucleotide levels and led to 'replication stress' \[[@cit0069]\]. Importantly Cyclin E or HPV oncoprotein-induced replication stress and DNA damage signaling were rescued by exogenously added nucleotides. Interestingly, overexpression of c-MYC, an oncoprotein that induces transciption of nucleotide biosynthesis genes, restored the nucleotide pool and also prevented the DNA replication-induced DNA damage response.

The different proposed mechanisms of oncogene-induced DNA damage described above are not necessarily mutually exclusive. Moreover, different oncogenes may induce DNA damage via distinct mechanisms. For example, Petermann and colleagues showed that CDK inhibition did not relieve HRAS^V12^-induced replication fork slowing \[[@cit0060]\]. Those workers inferred that HRASV12 causes replication stress by a transcriptional mechanism that is different from CDK2-activating oncogenes such as Cyclin E and CDC25A. Conversely, overexpressed c-MYC results in elevated replication-fork stalling and collapse and independently of RNA transcription \[[@cit0070]\].

How neoplastic cells tolerate oncogene-induced DNA damage {#s0002-0005}
---------------------------------------------------------

Understanding how different oncogenes induce DNA damage will be necessary if we are to determine how neoplastic cells tolerate oncogenic stress, breach the OIS barrier and progress to malignancy. It seems likely that multiple DNA damage tolerance/genome maintenance mechanisms could help sustain viability of oncogene-expressing cells and thereby facilitate tumorigenesis. The few studies to address mechanisms of oncogenic replication stress tolerance are consistent with roles for genome maintenance in supporting cell proliferation and tumorigenesis in neoplastic cells. For example, Halazonetis and colleagues performed siRNA-based screening to identify genes that facilitate tolerance of overexpressed Cyclin E \[[@cit0071]\]. Those workers showed that the DNA polymerase delta subunits POLD3 and POLD4 facilitate S-phase progression in Cyclin E-overexpressing cells by supporting break induced DNA replication (BIR). Interestingly, POLD3/4 were dispensable for tolerance of hydroxyurea-induced DNA replication stress, suggesting that oncogene signaling induces unique DNA replication defects.

Cell culture experiments show that oncogenic stress activates the ATR/CHK1-mediated S-phase checkpoint pathway \[[@cit0072]\]. Moreover, Atr can promote oncogene-induced carcinogenesis *in vivo* \[[@cit0072]\]. Similar to ATR/CHK1 signaling, TLS is initiated by ssDNA \[[@cit0014]\]. Moreover, TLS is pathologically activated in many cancer cells, leading Yang et al. to test a hypothetical role for the TLS pathway in tolerance of oncogene expression \[[@cit0005]\]. Those workers demonstrated that acute expression of Cyclin E and oncogenic RAS (but not C-MYC) led to increased PCNA mono-ubiquitination and recruitment of TLS polymerases in untransformed cells. Pharmacological activation of CDK2 (using the WEE1 kinase inhibitor MK-1775) also triggered PCNA mono-ubiquitination. RAD18 and its downstream effector Polκ (but interestingly not Polη) were necessary to support DNA replication and prevent ssDNA accumulation in response to oncogenic stimuli \[[@cit0005]\].

How then do oncogenic stimuli activate the TLS pathway and how does TLS confer tolerance of oncogene-induced DNA replication stress? All of the proposed mechanisms of oncogene-induced DNA damage described above have the potential to generate ssDNA species that activate TLS. However, re-replication intermediates alone may not explain TLS pathway activation by oncogenes since overexpression of the licensing factor CDT1 (which stimulates re-replication and DSB formation \[[@cit0058]\]) does not induce PCNA mono-ubiquitination. TLS pathway activation in oncogene expressing cells is probably also not a consequence of limiting nucleotiode pools since exogenously-added nucleosides do not attenuate Cyclin E-induced PCNA mono-ubiquitination \[[@cit0005]\].

Oxidative DNA damage activates RAD18 in replicating and non-replicating cells, and the TLS pathway clearly allows cells to tolerate ROS-induced genotoxicity \[[@cit0016],[@cit0017],[@cit0073]\]. Therefore, replication and repair of oxidative DNA damage could explain how RAD18 allows cells to tolerate oncogene-expression. However, it is unknown whether all oncogenic stimuli induce ROS or whether tolerance of ROS-induced genotoxicity fully explains how the RAD18 pathway sustains DNA replication of oncogene-expressing cells. For example oncogenic RAS is known to elicit ROS formation, yet RAS-induced PCNA mono-ubiquitination is relatively modest when compared to the Cyclin E-induced PCNA monoubiquitination response \[[@cit0005]\]. It will be necessary to test whether Cyclin E-CDK2 induces ROS, and whether ROS-scavengers ablate Cyclin E-induced TLS pathway activation before inferring a role for ROS in mediating TLS activation in response to additional oncogenic stimuli.

The role of transcriptional complexes in oncogene-induced TLS pathway activation has not been tested comprehensively. Polη may facilitate restart of forks that are stalled by co-directional collisions of replication and transcription complexes, possibly suggesting that TLS is activated when the DNA replication machinery and transcriptional complexes collide \[[@cit0074]\]. However, available evidence suggests that transcriptional mechanisms do not fully account for oncogene-induced TLS pathway activation. Kotsantis and colleagues showed that CDK inhibition does not relieve HRASV12-induced replication fork slowing \[[@cit0060]\]. Those workers suggest that HRASV12 causes replication stress by a transcriptional mechanism effects (presumably HO collisions of replication and transcriptional complexes) that is different from oncogenes such as Cyclin E and CDC25A \[[@cit0060]\]. In a separate study RAS-induced PCNA mono-ubiquitination was less robust than the PCNA mono-ubiquitination response to overexpressed Cyclin E and was attenuated by CDK inhibition \[[@cit0005]\]. Therefore RAS-induced DNA damage may occur primarily via collisions between replication and transcriptional complexes while Cyclin E-induced DNA replication stress might involve a distinct CDK2-induced DNA lesion that preferentially activates TLS. This conclusion should be viewed only as an untested hypothesis since it is inappropriate to over-interpret results obtained in different studies using different oncogenes and different experimental systems. Clearly there is a need to systematically compare the effects of different oncogenes on DNA replication dynamics, accumulation of different damaged DNA intermediates and DNA damage signaling in a common and well-defined experimental system. It is most likely that each oncogenic stimulus induces a spectrum of DNA lesions and replication defects and that there is partial overlap between the various types of DNA damage caused by different oncogenes.

Regardless of the primary DNA lesions or replication intermediates induced by different oncogenes, ssDNA-containing replication structures most probably mediate TLS pathway activation in response to diverse oncogenic stimuli. ssDNA is generated in response to aberrant CDK2 activity \[[@cit0075]\] and probably other CDK2-activating oncogenes such as RAS \[[@cit0076]\]. Suppressing ssDNA accumulation via post-replicative gap-filling is also the major role of TLS polymerases in the response to bulky DNA lesions. Post-replicative filling of ssDNA gaps (including ssDNA arising outside of S-phase) is a major role of the RAD18/TLS pathway \[[@cit0016],[@cit0017],[@cit0077]\]. Genomes containing persistent ssDNA are vulnerable to nucleolytic attack and are likely to generate lethal DSB. Thus RAD18/TLS-mediated repair synthesis most prevents accumulation of oncogene/CDK2-induced ssDNA gaps and subsequent breaks in the genome.

It is interesting that Polκ but not Polη sustains DNA replication and cell survival in response to aberrant CDK2 activity \[[@cit0005]\]. Polη is the most versatile Y-family DNA polymerases enzyme and is probably the default TLS polymerase recruited to most stalled DNA replication forks \[[@cit0020]\]. Polη resides constitutively in replication factories during an unperturbed S-phase cells and facilitates DNA synthesis at fragile sites, telomeres, and elsewhere in the genome \[[@cit0049],[@cit0051],[@cit0078]\]. Perhaps it is surprising that Polκ but not Polη is specifically required for tolerance of CDK-induced replication stress. However, Polκ and Polη preferentially perform replicative bypass of distinct cognate bulky DNA lesions. Therefore, it is likely that these Y-family DNA polymerases also have distinct roles in repair and tolerance of intrinsically-arising replication intermediates in oncogene-expressing cells. TLS polymerases are implicated in bypass of quadruplex DNA \[[@cit0078]\] (a structure that is generated at persistent ssDNA \[[@cit0079]\]). Polκ preferentially binds G4 when compared with non-G4 DNA, and displays enhanced activity when within 2--3 nucleotides of a G4 motif \[[@cit0080]\]. Polκ can also freely exchange with Pol δ *in vitro* to facilitate replicative bypass at a \[GT\]10 microsatellite sequence more accurately than Polη \[[@cit0081]\]. Further work is necessary to identify the putative oncogene-induced DNA lesions that require Polκ (but not Polη) for repair or replicative bypass.

Conclusions and perspectives {#s0003}
============================

There is now considerable evidence that cancer genomes bear mutational signatures attributable to TLS. Altered expression and activity of Y-family DNA polymerases and RAD18 commonly occurs in cancer cells and is a potential cause of error-prone TLS. Moreover, TLS facilitates tolerance of oncogene-induced DNA replication stress. Taken together, these observations suggest multiple ways by which TLS impacts tumorigenesis: Error-prone replication of damaged DNA templates may contribute to the initiating mutations that incite malignancy ([Figure 3](#f0003){ref-type="fig"}). Later in tumorigenesis, TLS may facilitate tolerance of oncogene-induced stress and bypass of the OIS barrier ([Figure 3](#f0003){ref-type="fig"}) in addition to promoting mutability. It is interesting to compare the potential roles of TLS and the ATR-CHK1 signaling pathway in different stages of multi-step tumorigenesis. Bartek and colleagues have suggested that early in tumorigenesis, ATR-CHK1 signaling contributes to OIS and serves a tumor-suppressive role \[[@cit0082]\]. However, later during tumorigenesis, ATR-Chk1 signaling may support viability of cells that breach the OIS barrier in the malignant tumor. Thus, the TLS and ATR-CHK1 effector branches of the DDR, both of which are activated by a common proximal signal (RPA-ssDNA) may cooperate to support the later stages of malignant progression. Figure 3.Proposed roles of RAD18 and TLS DNA polymerases in tumorigenesis. Mutagenic TLS of damaged DNA by Y-family DNA polymerases can activate oncogenes (e.g. KRASV12) that initiate carcinogenesis. Oncogene-expressing cells can be eliminated via a DNA damage-mediated senescence program (OIS) that serves as a barrier to tumorigenesis. RAD18/TLS and ATR-CHK1 help sustain damage-tolerant DNA synthesis and viability of cells that breach the OIS barrier. Error-prone TLS might also confer mutability that drives subsequent stages of multi-step tumorigenesis. The selective pressure for cancer cells to activate TLS also confers chemoresistance.

Clearly it is necessary to test the hypothetical effects of TLS on tumorigenesis (as proposed in [Figures 1](#f0001){ref-type="fig"} and [3](#f0003){ref-type="fig"}). In particular it will be very important to determine the extent to which altered expression or activity of TLS genes (*Rad18*, Y-family DNA polymerases) in an *in vivo* setting influences mutational spectra and phenotypes of oncogene-induced tumors. Since Rad18 and Polκ support DNA replication in oncogene-expressing cells, *Rad18^−/−^* or *Polk^−/−^* mice may be refractory to oncogene-induced tumorigenesis (owing to reduced viability of pre-neoplastic cells).

Sequencing of oncogene-induced tumors from WT and Rad18 or Y-family DNA polymerase mutant mice could identify mutational signatures resulting from error-prone TLS. The final mutational 'portrait' of any tumor is a composite of multiple mutational signatures. Comparison of tumor portraits from WT and Rad18 or TLS polymerase-deficient mice might reveal subsets of signatures that are Rad18/TLS- dependent (i.e. absent from Rad18/TLS-deficient tumors). TLS-deficiency often leads to increased DSB formation \[[@cit0083],[@cit0084]\]. Therefore, it is likely that Rad18/Y-family Polymerase-mediated mutations are replaced by alternative mutational signatures when TLS is compromised. For example, oncogene-induced tumors generated in Rad18/TLS-deficient mice might have increased evidence of DSB-induced genetic changes (such as indels arising via Polq-mediated TMEJ). It would also be interesting to model the consequences of overexpressed Rad18, its cancer-specific activator MAGE-A4, or individual TLS polymerases (commonly observed in tumors) on mutational spectra and tumorigenesis *in vivo*. Comparison of TLS-mediated mutational signatures obtained in mouse tumorigenesis studies with the 30 known mutational patterns in cancer genomes could help reveal the extent to which TLS shapes human cancer genomes.

Mechanistically, it is still unclear what species of oncogene-induced DNA damage or replication intermediate are tolerated or processed by RAD18/TLS. It is important to determine whether all or just a subset of oncogenes trigger forms of damage that are tolerated by RAD18/TLS. In a mouse model of Seckel Syndrome, reduced Atr levels attenuated the development of MYC-induced lymhomas and pancreatic tumors, but did not impact KRASG12V-driven pancreatic adenocarcinomas \[[@cit0085]\]. It is likely that neoplastic cells harboring different oncogenic drivers will have differential dependencies on TLS-mediated DNA damage tolerance. Similar to studies that defined roles of Atr in tolerance of oncogenic stress It will be important to address mechanisms of TLS-mediated oncogenic stress tolerance using cell culture models and to define the effect TLS on tumorigenesis using mouse models.

The discussion here has considered the consequences of imbalanced expression/activity of RAD18 and TLS polymerases relative to each other ([Figure 1](#f0001){ref-type="fig"}). However, the impact of TLS on genome stability and replication stress tolerance will doubtless also be dictated by the repertoire of other available genome maintenance mechanisms. For example, the processing of DNA breaks generated via TLS-deficiency will be dependent on the choice of error-prone and error-free DSB repair mechanisms (namely NHEJ, TMEJ and HR). The *Polq* and *Brca1* gene products (which mediate TMEJ and HR) help sustain viability of cells harboring excessive CDK2 activity \[[@cit0005]\]. Thus, TLS is a single component of a broader genome maintenance network that determines oncogenic stress tolerance. Similar to TLS proteins, core components of the TMEJ and HR pathways often have altered expression in cancer. For example, POLQ is upregulated in *BRCA1* mutant (HR-compromised) breast and ovarian cancers \[[@cit0086]\]. The extent to which neoplastic cells employ TLS, and the genome-destabilizing impact of TLS are likely determined by the integrity of other DNA repair pathways. It will eventually be important to systematically interrogate the contributions of *TLS* and other DNA repair pathways (including HR, TMEJ) in carcinogenesis in response to defined oncogenic drivers using mouse models.

An important byproduct of the selective pressures for mutagenesis and DNA damage tolerance during tumorigenesis might be the emergence of chemoresistant cancer cells. It is firmly established that Polη-mediated TLS allows replication of cisplatin-damaged DNA templates \[[@cit0087]\] and the structural basis for Polη-mediated chemoresistance to cisplatin has been elucidated \[[@cit0007],[@cit0092]\]. Numerous studies have demonstrated that TLS-deficient cells lacking Polη \[[@cit0006],[@cit0093],[@cit0094]\] or RAD18 \[[@cit0095],[@cit0096]\] fail to replicate cisplatin-damaged genomes and instead accumulate unfilled post-replicative gaps, collapsed replication forks and lethal DSB. High-level Polη expression is also correlated with poor survival of platinum-treated cancer patients \[[@cit0097],[@cit0098]\].

If cancer cells commonly require ATR-CHK1, TLS, TMEJ or other genome maintenance pathways to remain viable, those mechanisms represent molecular vulnerabilities that could be exploited to sensitize cells to intrinsic or therapy-induced DNA damage. The rapid uncontrolled DNA synthesis and proliferation of tumor cells may make them particularly sensitive to additional therapy-induced DNA damage and DDR inhibition. The ATR/CHK1-mediated checkpoint pathway is particularly important for suppressing CDKs, coordinating cycle progression with DNA repair, and sustaining cell viability. Therefore, both ATR and CHK1 protein kinases are appealing therapeutic targets. Several small molecule inhibitors of ATR (including VX-970 and AZD6738) and of CHK1 (including MK8776) are being evaluated in clinical and pre-clinical trials \[[@cit0099]\]. ATR inhibitors sensitize tumor cells to overexpressed Cyclin E \[[@cit0102]\] and therapeutic genotoxins notably platinating agents \[[@cit0103],[@cit0104]\]. CHK1 inhibitors are particularly effective in p53-deficient cells which lack the G1 checkpoint and have greater dependency on S-phase checkpoint mechanisms for DNA damage tolerance \[[@cit0099]\].

It is interesting to consider the potential therapeutic impact of combining ATR/CHK1 inhibitors with TLS inhibitors. Historically, the UV-sensitivity phenotype of many XPV cell lines was revealed by caffeine treatment \[[@cit0105]\]. It is now known that caffeine is an ATR inhibitor and that combined deficiencies of ATR and Polη lead to UV-hypersensitivity \[[@cit0106]\]. It is possible therefore that combined inhibition of ATR/CHK1 and TLS pathways would similarly sensitize neoplastic cells to therapeutic genotoxins. Indeed, ablation of REV3 and REV7 (subunits of the TLS polymerase Polζ) sensitizes cancer cells to a combination of ATRi and cisplatin \[[@cit0107]\].

Small molecule inhibition of WEE1 kinase (which de-represses CDK1/2) is being considered as a therapeutic strategy in cancer \[[@cit0108]\]. Similar to ATR/CHK1 inhibitors, WEE1 inhibition causes cells to sustain CDK activities even in the face of DNA damage. TLS allows cancer cells to tolerate WEE1 inhibition \[[@cit0005]\] and therefore the anti-cancer activity of WEE1 inhibitors might be improved with concurrent TLS inhibition.

Thus, defining roles of TLS and other genome maintenance pathways in tolerance of oncogene- and therapy-induced replication stress might translate into improved strategies for cancer therapy and precision medicine. Of potential concern, targeting pathways that can function both as tumor suppressors and tumor promoters might lead to adverse effects such as therapy-induced cytotoxicity to normal cells or genome instability and secondary malignancies. Therefore, there is a need for stratification of tumors (e.g. based on TLS/ATR CHK1 and other pathways) to identify subtypes of cancers that can be selectively killed (e.g. based on synthetic lethalities) using DDR or TLS inhibition.
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